Modelling of molecular emission spectra from interstellar clouds requires the calculation of rate coefficients for (de-)excitation by collisions with the most abundant species. We calculate rate coefficients for the rotational and hyperfine (de-)excitation of the hydrogen cyanide (HCN) by collisions with H 2 (j = 0), the most abundant collisional partner in cold molecular clouds. The scattering calculations are based on a new ab initio potential energy surface for the HCN-H 2 collisional system, averaged over the H 2 orientations. Close-coupling calculations of pure rotational cross-sections are performed for levels up to j = 10 and for total energies up to 1000 cm −1 . The hyperfine cross-sections are then obtained using a recoupling technique. The rotational and hyperfine cross-sections are used to determine collisional rate coefficients for temperatures ranging from 5 to 100 K. A clear propensity rule in favour of even j rotational transitions is observed. The usual j = F propensity rules are observed for the hyperfine transitions. The new rate coefficients are compared with the previous results obtained for the HCN molecule. Significant differences are found, mainly due to the use of H 2 as a collisional partner instead of He. The new rate coefficients will significantly help in interpreting HCN emission lines observed with current and future telescopes.
stellar species (He and H 2 ). Without these rates, one is restricted to assume local thermodynamic equilibrium (LTE) to estimate the physical and chemical conditions of molecular clouds, which is generally not a good approximation. Hence, it is crucial to get accurate rate coefficients for the HCN molecule.
In addition, due to the nuclear spin I = 1 arising from the nitrogen ( 14 N) atom, each rotational level j (except j = 0) of HCN is split into three components with total angular momentum F = j − 1, j and j + 1. The HCN hyperfine lines have been found in a number of cases (Walmsley et al. 1982; Turner et al. 1997; Lucas & Liszt 2000; Liszt & Lucas 2001 ) not to be in thermal equilibrium with each other. In particular the three hyperfine lines associated to the j = 1 → 0 rotational line exhibit a wide variety of relative intensities other than the 'LTE' ratio. A number of explanations have been proposed for these anomalies. In particular, Guilloteau & Baudry (1981) have shown that the relative intensities of the j = 1 → 0 hyperfine components are affected by the choice of collisional rate coefficients, and suggested that these parameters presented an important source of uncertainty.
The rotational and hyperfine excitation of HCN by He (as a substitute for H 2 ) has been studied by Green & Thaddeus (1974) , Monteiro (1984) and Monteiro & Stutzki (1986) . The latter work provided quantum hyperfine rate coefficients for j = 0-4 transitions for temperatures ranging from 10 to 30 K. All these studies were based on the same potential energy surface (PES) obtained using the uniform electron gas model (Green & Thaddeus 1974) . More recently, Lique and coworkers (Dumouchel, Faure & Lique 2010; Sarrasin et al. 2010) provided accurate HCN and HNC rate coefficients for a large number of rotational levels (j = 0-25) and a wide range of temperature (5 to 500 K). However, the collisional partner remained to be the He atom and recent results on rotational excitation of CO (Wernli et al. 2006) , SO (Lique et al. 2007 ), SiS ) and C 2 (Najar et al. 2009 ) have pointed out that rate coefficients for collisions with para-H 2 (j = 0) can be up to a factor of 3 larger or smaller than those for collisions with He, depending on the selected transition. Hence, it seems important to provide rate coefficients for the HCN-H 2 collisional system.
In this work, we focus on the calculations of rotational and hyperfine (de-)excitations rate coefficients of HCN molecule by collisions with para-H 2 (j = 0). For this purpose, a new accurate ab initio PES, averaged over the H 2 orientations, is determined. Closecoupling (CC) calculations of pure rotational cross-sections were performed for rotational levels up to j = 10 and for total energies up to 1000 cm −1 . The hyperfine cross-sections were then obtained using a recoupling technique. These cross-sections were used to determine collisional rate constants for temperatures ranging from 5 to 100 K. This paper is organized as follows. section 2 describes the ab initio calculations of the potential energy surface. section 3 provides a brief description of the dynamical computations. The results are presented and discussed in section 4. Conclusions are given in section 5.
I N T E R M O L E C U L A R P OT E N T I A L E N E R G Y S U R FAC E
The present work deals with the low-temperature non-reactive collisions between H 2 and HCN molecule. The lowest vibrational bending frequency of HCN(X 1 + ) is ν 2 = 1026 K (Rank et al. 1960 ). The collision partners may thus be considered as rigid. Accordingly, in our computations HCN is considered to be linear, and both bond lengths are set at the experimental values of r HC = 2.011 bohr and r CN = 2.185 bohr (Rank et al. 1960) . For H 2 , we used the bond length r HH = 1.44876 bohr corresponding to the molecular distance at its average value in the ground vibrational level.
For the purpose of the calculations, we define the body-fixed coordinate system as shown in Fig. 1 . The geometry of the HCN-H 2 system with H 2 treated as rigid rotor is then characterized by three angles θ, θ and φ and the distance R between the centres of masses of H 2 and HCN. The polar angles of the HCN and H 2 molecules with respect to R are denoted, respectively, θ and θ , while φ denotes the dihedral angle, which is the relative polar angle between the HCN and H 2 bonds.
In all calculations, the ground electronic state of the HCN-H 2 van der Waals system is of 1 A symmetry. The potential energy surface is calculated in the supermolecular approach with a singleand double-excitation coupled cluster approach with non-iterative perturbational treatment of triple excitation [CCSD(T)] (Knowles, Hampel & Werner 1993 as implemented in the MOLPRO package (Werner et al. 2006) . Preliminary ab initio calculations were carried out by performing full valence complete active space (CASSCF) level of theory (Werner & Knowles 1985) to check the validity of the monoconfigurational CCSD(T) method. For all investigated geometries it was found that the 1 A electronic ground state of HCN-H 2 van der Waals system is described by a dominant con- figuration with weight coefficient of 0.94. The five atoms orbitals were described by the augmented correlation-consistent triple-ζ Gaussians basis set (aug-cc-pVTZ) of Dunning (1989) . This basis set was further augmented by the additional 3s 3p 2d 1f bond basis functions of Cybulski & Toczyłowski (1999) . Bond functions (bf) were located at the position R bf given by (Akin-Ojo, Bukowski & Szalewicz 2003)
where R i (R j ) is the vector pointing from the centre of mass of HCN to the ith (jth) atom of the H 2 (HCN) molecule. For the weights, ω ij , we have chosen |R j − R i | −6 . R bf represents the weighted average of the middle of the segments between the atoms of the colliding partners. This procedure was motivated by the fact that the midbond functions are mostly responsible for saturating the dispersion energy (Williams et al. 1995) which decays as R −6 . It has been shown recently (Lique et al. 2005; Ben Abdallah et al. 2008; ) that the use of aug-ccpVTZ + 3s 3p 2d 1f basis set leads to results comparable in accuracy to the computed potential energies obtained with the larger aug-cc-pVQZ sets, but with a considerable benefit on CPU time. The counterpoise procedure (Boys & Bernardi 1970 ) was used at all geometries for correction of the basis set superposition error (BSSE):
where the energies of the HCN and H 2 subsystems are computed with the full (five atoms plus bond functions) basis. For resolution of the CC scattering equations of two linear rigid rotors, it is convenient to expand at each intermolecular distance R, the interaction potential V(R, θ , θ , φ) over the following angular expansion (Green 1975; :
The basis s l,l ,μ are products of associated Legendre function P lm which are explicitly given by Green (1975) . Here l and l are associated, respectively, with the rotational motion of HCN and H 2 . In expression (3), the index l is even because H 2 is homonuclear.
For collisions at low temperature, the probability of rotational excitation of H 2 is low (the energy spacing between the j 2 = 0 and 2 rotational levels in para-H 2 is 510 K) so we further restrict H 2 to its lowest rotational level. In this case, only the term l = μ = 0 need to be retained in the expansion of the PES. The resulting expansion then can be simplified to
where V av (R, θ) is obtained by an average over the angular motion (θ , φ) of the H 2 molecule. We approximate this by an equipoise averaging over three sets of a i (θ , φ) angles for each calculated set of (R, θ ). Those are a 1 = (0, 0), a 2 = (π/2, 0) and a 3 = (π/2, π/2). The radial scattering coordinate R was varied from 4.25 to 40.0 bohr, the θ grid ranged from 0
• to 180
• in steps of 15
• . This resulted in a total of 1404 geometries computed for the HCN-H 2 system. The four-dimensional PES of HCN-H 2 (j 2 = 0) system is thus reduced to a V av two-dimensional PES as . The contour plot of V av (R, θ ) of the HCN-H 2 system shows an anisotropy qualitatively similar to the ab initio HCN-He PES determined by Toczyłowski, Doloresco & Cybulski (2001) using similar theoretical approach. However, the well depth is significantly higher for the HCN-H 2 system. The global minimum of the HCN-He PES is in the linear He-HCN configuration at R = 7.97 bohr and has a well depth of 29.9 cm −1 . The calculated PES V av is fitted with a least-squares routine to the analytical form given by the equation (4). The term with l = 0 corresponds to the isotropic potential, and the anisotropy of the interacting potential is accounted for by the inclusion of the l > 0 terms. The accuracy of the resulting fit was checked by regenerating the potential using equation (4) and comparing directly with the ab initio computed for some points outside the grid listed above. The differences were less than 0.5 per cent. 
Q UA N T U M T R E AT M E N T O F T H E C O L L I S I O N DY NA M I C S

Insight on the theoretical approach
The main focus of this paper is the use of the fitted HCN-H 2 PES to determine rotational and hyperfine excitation and de-excitation cross-sections of HCN by H 2 . In the following, the rotational quantum number of HCN will be denoted by j. In this calculations, only the minimal rotational basis H 2 (j = 0) is retained. The coupling with the H 2 (j = 2) (and higher) states of H 2 was not taken into account. This approximation has been already tested and used in several studies. It was found that the resulting cross-sections can differ up to a factor of 2-3 compared to accurate calculations in the case of non-linear molecules as NH 3 (Rist, Alexander & Valiron 1993) . However, for heavy linear molecules as HCN, it seems that this approach is expected to yield reliable results for the energy range considered here as shown recently by and by Dumouchel, Kłos & Lique (2011) in the case of SiS-H 2 and HNC-H 2 collisions, respectively. Hence the problem is reduced to the rotational excitation of a linear rotor by a structureless particle.
First of all the electrostatic PES does not couple different nuclear spin states (Alexander & Dagdigian 1985) . The coupling between the nuclear spin (I = 1) of the nitrogen atom and the molecular rotation results in a weak splitting (Alexander & Dagdigian 1985; Monteiro & Stutzki 1986 ) of each rotational level j into three hyperfine levels (except for the j = 0 level which is splits into only one levels). Each hyperfine level is designated by a quantum number F (F = I + j) varying between |I − j| and I + j. If the hyperfine levels are assumed to be degenerate it is possible to simplify considerably the hyperfine scattering problem (Alexander & Dagdigian 1985) .
We used Arthurs & Dalgarno (1960) description of the inelastic scattering between an atom and a linear molecule. Fully quantum CC calculations were performed in order to obtain the S J (jl; j l ) scattering matrix between rotational levels of HCN. J denotes the total angular momentum (J = j + l) and l the orbital angular momentum. In the calculation of the S J (jl; j l ) scattering matrix, the hyperfine structure of HCN is neglected. The collisional cross-sections associated with a transition from an initial rotational level j to a rotational level j can be obtained from scattering matrix:
The P K (j → j ) are the tensor opacities defined by
where it is interesting to introduce the reduced T matrix elements (where T = 1 − S) defined by (Alexander & Davis 1983 )
The collisional cross-sections between hyperfine levels of HCN can then be obtained from scattering matrix between rotational levels (i.e. free nuclear spin) using the recoupling method of Alexander & Dagdigian (1985) . Inelastic cross-sections associated with a transition from an initial hyperfine level jF to a hyperfine level j F were thus obtained as follow:
Details of calculations
The nuclear-spin-free scattering S J (jl; j l ) matrices were calculated using MOLSCAT program (Hutson & Green 1994 ). All calculations were made using the rigid rotor approximation, with HCN rotational constants B 0 = 1.47822 cm −1 and D 0 = 2.914 10 −6 cm −1 (Huber & Herzberg 1979) . Calculations were carried out for total energies ranging from 3 to 1000 cm −1 . In the CC calculations, the hybrid propagator of Alexander & Manolopoulos (1987) implemented in the MOLSCAT code was used. Parameters of the integrator were tested and adjusted to ensure a typical precision of the ordinary inelastic cross-sections to within 0.001 Å 2 . At least six closed channels were included at each energy for the rotational basis to converge the calculations for all the transitions up to HCN levels j = 10. At the highest total energies (200-1000 cm −1 ), the rotational basis was extended to j = 16. Using the recoupling technique and the stored S J (jl; j l ) matrices, the tensor opacities (equations 7 and 8), and then the hyperfine-state-resolved cross-sections (equation 9) were obtained for all hyperfine levels up to j = 10.
From the calculated cross-sections, one can obtain the corresponding thermal rate coefficients at temperature T by an average over the collision energy (E c ):
where σ α→β is the cross-section from initial level α (i.e. j or j, F) to final level β (i.e. j or j , F ), μ is the reduced mass of the system and k B is Boltzmann's constant. Calculations up to 1000 cm −1 allow determining rate coefficients up to 100 K and for HCN transitions between the first 11 levels and the corresponding 31 hyperfine levels.
R E S U LT S A N D D I S C U S S I O N
Rotational transitions
We have obtained the de-excitation rate coefficients for the first 11 rotational levels of HCN by H 2 (j = 0). The variation with temperature of the de-excitation HCN-H 2 (j = 0) rate coefficients is illustrated in Fig. 3 . One can see that the rate coefficients increase with increasing temperature. One can also note that the j = 2 transitions are dominant compared to the j = 1 transitions. Then, we were interested in the propensity rules of pure HCN rotational transitions. Fig. 4 presents downward rotational rate coefficients out of HCN (j = 5) levels at 50 K for collisions with para-H 2 (j = 0). As already seen in Fig. 3 , inelastic rate coefficients with j = 2 are larger than those with j = 1. More generally, the rate coefficients exhibit a large propensity rules in favour of even j transitions. This is a consequence of the near-homonuclear symmetry of the HCN-para-H 2 (j = 0) PES.
In Table 1 , we show, on a small sample, a comparison of our rotational HCN-H 2 (j = 0) rate coefficients versus the HCN-He rate coefficients of Green & Thaddeus (1974) and of Dumouchel et al. (2010) .
Significant differences exist between the present and the previous results. Whereas a global agreement exists between the rate coefficients of Green & Thaddeus (1974) and of Dumouchel et al. (2010) , the present data differ up to a factor of 3 from the previous results. The difference which appears at all temperature is a signature of the difference of HCN-He and HCN-H 2 PES. Indeed, it has been shown recently that He and H 2 (j = 0) rate coefficients differ generally up to a factor of 3 . The HCN-He and HCN-H 2 (j = 0) rate coefficients confirm this behaviour. Taking into account the differences between the present and previous data, we recommend the use of the new HCN-H 2 rotational rate coefficients for modelling of molecular clouds.
Finally, Sarrasin et al. (2010) found that the HCN and HNC rate coefficients are quite different. In particular, a strong propensity was observed for transitions characterized by even j in the case of HCN system, whereas propensity rules for transitions with odd j were observed in the case of HNC. However, this conclusion was done with the He collisional partner and one needs to confirm (or infirm) Table 1 . Comparison between present rate coefficients and those of DFL10 (Dumouchel et al. 2010 ) and GT74 (Green & Thaddeus 1974) . The rates are in units of 10 −10 cm 3 mol −1 s −1 . Fig. 4 the present HCN rate coefficients with those obtained recently by Dumouchel et al. (2011) for the HNC-H 2 (j = 0) collisional system. One can clearly see that the conclusion found for collisions with He is still available for H 2 and that the conclusion of Sarrasin et al. (2010) remains valid: the HCN rate coefficients cannot be used as a model for the HNC ones.
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Hyperfine transitions
Then, we have calculated the hyperfine resolved HCN-H 2 (j = 0) rate coefficients using the procedure described in section 3. This complete set of (de)excitation rate coefficients is available on-line from the LAMDA 1 (Schöier et al. 2005) and BASECOL 2 (Dubernet et al. 2006) websites. For illustration, Fig. 5 depicts the evolution of rate coefficients as a function of temperature for j = 2, F → j = 1, F and j = 3, F → j = 2, F transitions. Table 2 shows selected hyperfine resolved HCN-H 2 (j = 0) rate coefficients at 10 and 30 K.
One can clearly see that we have a strong propensity in favour of j = F transitions, the propensity is also more pronounced when the initial j rotational level increases. This trend is the usual trend for such a molecule (Alexander & Dagdigian 1985; Monteiro & Stutzki 1986; . Fig. 6 presents the temperature variation of HCN-H 2 rate coefficients for the 'quasi-elastic' j = 2, F → j = 2, F transitions. First, one can notice that the order of magnitude of these 'quasielastic' rate coefficients is about the same order of magnitude as the pure inelastic rate coefficients. Then, the final distribution seems to be governed by two rules: the rate coefficients show propensity in favour of F = 1 transitions but are also proportional to the degeneracy (2F + 1) of the final hyperfine level. This behaviour has been also observed recently for the hyperfine CN-He rate coefficients .
Finally, we compare in Table 2 our HCN-para-H 2 (j = 0) hyperfine rate coefficients with the HCN-He ones calculated by Monteiro & Stutzki (1986) . For the two calculations, transitions with j = F are favoured. Overall, our rate coefficients are larger than those of Monteiro & Stutzki (1986) , especially at 30 K. The difference can also be explained by the different collisional partners [He versus H 2 (j = 0)]. As for rotational rate coefficients, we recommend the use of the new hyperfine HCN-H 2 rate coefficients for modelling of molecular clouds. 
C O N C L U S I O N
The rotational and hyperfine excitation of HCN by para-H 2 (j = 0) has been investigated. We have presented a new PES for the HCN-H 2 (j = 0) system, computed at the CCSD(T) level using aug-ccpVTZ basis sets improved by bond functions. The new PES has been used into quantum CC scattering calculations in order to obtain rate coefficients for transitions involving the lowest rotational levels of HCN for temperatures ranging from 5 to 100 K. Strong propensity for even j was found for rotational transitions. Then, hyperfine rate coefficients have been obtained for the same temperature range using a recoupling technique. The usual j = F propensity rules have been observed for the hyperfine resolved rate coefficients. The present data are the first obtained for the HCN-H 2 collisional system.
A comparison of our HCN-H 2 (j = 0) rotational and hyperfine results, respectively, with the rotational HCN-He ones of Green & Thaddeus (1974) and of Dumouchel et al. (2010) and with the HCNHe hyperfine ones of Monteiro & Stutzki (1986) has been done. It shows that present and previous data can differ by a factor of 3, depending on the transition and the temperature. It confirms that He rate coefficients cannot provide an accurate estimate of the H 2 ones and that, taking into account the sensitivity of radiative transfer model to collisional data (Lique, Cernicharo & Cox 2006; Lique et al. 2009 ), one need to provide rates with He and H 2 for interstellar molecular abundance determination. We also found that the HCN rate coefficients differ from the HNC ones and that the present rate coefficients cannot be used for modelling of HNC observations as already found by Sarrasin et al. (2010) .
Finally, taking into account the importance of having accurate collisional data for HCN, we plan to extend the present work to higher rotational levels of HCN and to higher temperatures, the HCN molecule being observed in hot regions of the ISM. We also plan to extend both the PES and scattering calculations to take into account the rotational excitation of HCN by ortho-H 2 that can be important in hot region of the ISM-like stars-forming regions.
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